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Biotic and abiotic stresses alter the pattern of gene expression in plants. Depending
on the frequency and duration of stress events, the effects on the transcriptional state
of genes are “remembered” temporally or transmitted to daughter cells and, in some
instances, even to offspring (transgenerational epigenetic inheritance). This “memory”
effect, which can be found even in the absence of the original stress, has an epigenetic
basis, through molecular mechanisms that take place at the chromatin and DNA level
but do not imply changes in the DNA sequence. Many epigenetic mechanisms have
been described and involve covalent modifications on the DNA and histones, such as
DNA methylation, histone acetylation and methylation, and RNAi dependent silencing
mechanisms. Some of these chromatin modifications need to be stable through cell
division in order to be truly epigenetic. During DNA replication, histones are recycled
during the formation of the new nucleosomes and this process is tightly regulated.
Perturbations to the DNA replication process and/or the recycling of histones lead to
epigenetic changes. In this mini-review, we discuss recent evidence aimed at linking
DNA replication process to epigenetic inheritance in plants.
Keywords: epigenetic inheritance, DNA replication, nucleosome assembly, DNA polymerases, plant development,
Arabidopsis thaliana
INTRODUCTION
A myriad of studies have shown that plants are exposed to stress episodes, such as cold, heat
and drought, that lead to transcriptional reprogramming of gene expression and phenotypic
changes. This reprogramming can be “memorized” for short as well as for long periods of
time, enabling plants to aid responses when these events recur. The former depends on
the half-life of stress-induced proteins, RNAs and metabolites, whereas the latter depends
on epigenetic processes. Epigenetic inheritance of changes in gene function means that
they: (i) are mitotically and/or meiotically heritable; (ii) cannot be explained by changes in
the DNA sequence; and (iii) are maintained without the inﬂuence of the initial stimulus.
Memory occurs by multiple mechanisms, but requires chromatin changes, such as DNA
methylation, histone modiﬁcations and non-coding RNAs. However, whether these chromatin
modiﬁcations are the cause of heritable transcriptional changes remains controversial. In this
mini-review, we discuss recent evidence relating the coupling of epigenetic inheritance with
DNA replication in plants. On the other hand, how the replication of DNA is inﬂuenced by
the chromatin landscape has been recently reviewed (Sequeira-Mendes and Gutierrez, 2015).
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NUCLEOSOME ASSEMBLY AT THE
REPLICATION FORK LINKS DNA
REPLICATION WITH EPIGENETIC
INHERITANCE
The nucleosome is the basic chromatin unit, containing
about 147 bp of DNA wrapped around an octameric protein
core composed of two subunits of each histone: H2A, H2B,
H3 and H4 (Luger et al., 1997). This octameric structure
is disassembled in front of the advancing replication fork
as two H2A–H2B dimers and one (H3–H4)2 tetramer and
reassembly occurs behind the replication fork on both
leading and lagging strands with both parental and newly
synthesized histones (Gruss et al., 1993). The replication
machinery has been reviewed elsewhere (Sequeira-Mendes
and Gutierrez, 2015). The newly synthesized H3–H4 dimers
are transported into the nucleus by the ANTI-SILENCING
FUNCTION1 (ASF1) chaperone and then transferred to the
CAF-1 chaperone. CAF-1 is bound to PROLIFERATING
CELL NUCLEAR ANTIGEN (PCNA) at the replication fork,
where the formation of the novo (H3–H4)2 tetramers takes
place after successive transfer of H3–H4 dimers (Figure 1)
(Wittmeyer and Formosa, 1997; Tyler et al., 1999; Wittmeyer
et al., 1999; Moyer et al., 2006; Groth et al., 2007; Abe et al.,
2011; Huang et al., 2013b; MacAlpine and Almouzni, 2013).
The newly synthesized H4 is acetylated at K5 and K12 positions,
which is a highly conserved histone modiﬁcation, whereas the
residues of H3 acetylation diﬀer among species (Annunziato,
2013). Recent evidence sheds light on the segregation of
parental nucleosomes at the replication fork. In yeast, the
FACILITATES CHROMATIN TRANSCRIPTION complex
(FACT) and the MINICHROMOSOME MAINTENANCE
COMPLEX COMPONENT 2 (Mcm2) act together during
their association with the replisome to bind and manage the
parental histone complexes released from chromatin (Foltman
et al., 2013). In this way, deposition is closely coupled to
the replication machinery, as nucleosomes re-appear about
400 bp behind the replication fork on both leading and lagging
strands (Radman-Livaja et al., 2011; Smith and Whitehouse,
2012). Hence, pre-existing parental nucleosomes contribute to
approximately half of the histones on nascent DNA, suggesting
an important contribution to the epigenome of daughter cells
(Radman-Livaja et al., 2011; Alabert and Groth, 2012; Sarkies
and Sale, 2012; Whitehouse and Smith, 2013; Campos et al.,
2014). Chromatin modiﬁcations decorating the nucleosome
core are thus believed to serve as carriers of epigenetic
information.
Far from being complete, the understanding of this process
in plants has been possible through diverse genetic screens in
Arabidopsis (Liu and Gong, 2011). CAF-1 is a highly conserved
complex in eukaryotes. It is recruited by PCNA to the replication
fork and is involved in supplying de novo synthesized H3–H4
dimers to the DNA replication machinery (Figure 1). Arabidopsis
CAF-1 is composed of three subunits encoded by FASCIATA1
(FAS1), FASCIATA2 (FAS2) and MULTICOPY SUPPRESSOR OF
IRA1 (MSI1) (Kaya et al., 2001; Kirik et al., 2006; Ono et al.,
2006; Ramirez-Parra and Gutierrez, 2007). Mutants in FAS1,
FAS2 and MSI1 show severe developmental defects, such as
smaller leaves, fasciated stems, abnormal phyllotaxis, reduced
fertility, more open euchromatin and reduced heterochromatin
content. The Arabidopsis ASF1 homologues AtASF1A and
AtASF1B have an important role during development. In
contrast to single mutants, the double mutant asf1a asf1b
shows severe defects in growth and vegetative and reproductive
development, together with constitutive activation of DNA
replication stress genes (Zhu et al., 2011). In addition, they
have a role in the heat shock response, by participating
in the activation of heat stress genes, supposedly through
nucleosome removal and H3K56ac accumulation (Weng et al.,
2014). The role of the primary chaperone of H2A–H2B dimers,
NUCLEOSOME ASSEMBLY PROTEIN1 (NAP1), is conserved
in Eukaryotes (Burgess and Zhang, 2013). In Arabidopsis, NAP1-
RELATED PROTEIN 1 and 2 (NRP1 and NPR2) chaperone
de novo synthesized H2A and H2B to be assembled into the
nucleosomes during replication of DNA and they are also
required for the formation of heterochromatin (Zhu et al.,
2006).
Topoisomerases break one or both DNA strands to relax DNA
conformation, and mutant analysis suggested they have a role
in the maintenance of chromatin structure. Loss of function
mutants of topoisomerase MGOUN1 (TOP1-β) displayed
a stochastic occurrence of ectopic AGAMOUS (AG):GUS
expression, suggesting that maintenance of chromatin marks
is unstable in the absence of topoisomerase function, allowing
random switches between on/oﬀ states. Once established,
such expression states appear to be copied to daughter
cells during cell divisions, but occasionally switch back to a
repressed state as evidenced by revertant AG:GUS sectors (Graf
et al., 2010). Dimethylation of Lysine 9 of H3 (H3K9me2)
and DNA methylation are reduced in plants treated with
camptothecin, an inhibitor of the DNA topoisomerase 1α
(TOP1α), and in top1a loss of function mutants, leading to
the de-repression of Pol V target loci (Dinh et al., 2014).
In agreement to that, in studies performed with the top1α-
2 allele, it was demonstrated that TOP1α is required for the
deposition of H3 trimethylated on K27 (H3K27me3) at PcG
target genes (Liu et al., 2014). However, a simple relationship
between TOP1α and gene repression was not found since
another subgroup of PcG genes was downregulated in top1α-
2 mutants. It was also shown that TOP1α is important to
decrease nucleosome density and hence, TOP1α could act as a
promoter of gene expression in a subset of genes (Liu et al.,
2014).
DNA REPLICATION DYNAMICS AND
EPIGENETICS
In Arabidopsis, as in other eukaryotes, three replicative
DNA polymerases duplicate DNA: Polα (with primase
activity), Polε (leading strand extension) and Polδ (lagging
strand extension). Their catalytic subunits are encoded by
POLA1 (also known as ICU2), POLE1 and POLD1 and their
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FIGURE 1 | Continued
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FIGURE 1 | Continued
Schematic depiction of mechanisms by which epigenetic inheritance may be maintained during DNA replication. As replication fork proceeds, (i) newly
deposited histones are modified by protein complexes (e.g.: PRC2) targeted by inherited modifications on parental histones; (ii) DNA binding proteins recruit/repel
modification protein complexes; (iii) cross-talk between the two complementary mechanisms is also possible. For simplicity, H3–H4 nucleosomes are depicted.
roles in epigenetic inheritance were evidenced in diﬀerent
genetic screenings. The polα/icu2-1 missense mutation
leads to reactivation of a silenced 35S-NPTII transgene and
repetitive elements due to decreased H3K9me2, but not DNA
methylation (Liu et al., 2010). icu2-1 interacts genetically
with CURLY LEAF (CLF), which encodes a SET-domain
component of Polycomb Repressive Complex 2 (PRC2) which
methylates H3K27, and also interacts with FAS1 and with
LIKE-HETEROCHROMATIN PROTEIN 1 (LHP1), which
encodes a protein with PRC1 activity in Arabidopsis (Barrero
et al., 2007). POLA/ICU2 is required for the stable inheritance
of vernalization memory through mitoses. The ﬂowering
repressor FLOWERING LOCUS C (FLC) is stably repressed
after vernalization. However, the icu2-1 allele induces a mosaic
de-repression of an FLC:GUS marker after vernalization
(Hyun et al., 2013). A similar mosaic de-repression was also
shown for an AG:GUS marker (Barrero et al., 2007). The
variability in the degree of derepression was explained by
the role of POLA/ICU2 in the mitotic inheritance of the
H3K27me3 marks and further, the icu2-1 allele led to reduced
binding of LHP1 at target loci (Hyun et al., 2013). The
similarities among mutants aﬀected in chromatin assembly
factors and topoisomerases with mutants in POLα/ICU2
underscores its role in the process of chromatin assembly
and the maintenance of repressive histone marks through
mitosis.
Mutants for the POLE1 and POLD1 catalytic subunits
have also been described. early in short days7-1 (esd7-1)
(del Olmo et al., 2010) and ABA overly sensitive 4-1 (abo4-
1) (Yin et al., 2009) are hypomorphic alleles of POLE.
gigantea suppressor5 (gis5) (Iglesias et al., 2015) and the
polδ1 (Schuermann et al., 2009) are hypomorphic or RNA
interference alleles of POLD. They share similar developmental
abnormalities, display early ﬂowering and leaf incurvature.
POLE/ESD7 interacts genetically with PRC2 and PRC1 genes,
shows more severe phenotypes when combined with clf or
tfl2 mutants (del Olmo et al., 2010). In addition, POLE/ESD7
interacts with TFL2 in vitro. These ﬁndings agree with the
fact that discrete regions at the FLOWERING LOCUS T (FT)
chromatin are enriched in H3K4me3 and H3 acetyation (H3Ac)
in esd7 and abo4-1 mutants, and the FLC ﬁrst intron is
enriched in H3K27me3 in abo4-1 mutants, correlating with
higher FT and lower FLC expression levels (del Olmo et al.,
2010).
In gis5, early ﬂowering and curly leaves correlate with
higher levels of H3K4me3 and H3Ac, and higher expression
of SEP3 in phloem cells. Furthermore, as the gis5 allele is
thermosensitive, the strong increase in SEP3 expression and
H3K4me3 at the SEP3 locus were both temperature-dependent
and correlated well with the DNA replication stress responses
and the increase in homologous recombination (HR). Taking
into account that the gis5 mutation aﬀected an Ala residue
poorly accessible to the solvent and close to the active
site, the changes in SEP3 epigenetic marks and expression
could be produced by the changes in the dynamics of DNA
replication, a hypothesis that needs further testing (Iglesias et al.,
2015).
EPIGENETIC INHERITANCE RELIES ON
HISTONE AND NON-HISTONE
PROTEINS
The evidence supporting the link between changes in chromatin
marks and epigenetic inheritance is mainly based on correlations
between changes in gene expression patterns and changes
in the abundance of chromatin modiﬁcations. Nevertheless,
correlation does not mean cause and therefore, the changes
in chromatin states may reﬂect the transcriptional level rather
than be the cause of it (Henikoﬀ and Shilatifard, 2011).
If chromatin marks are truly epigenetic, looking at parental
histones distribution during the replication of DNA should
give an insight into the mechanisms of epigenetic inheritance
(Figure 1).
As H3–H4 tetramers are twofold diluted and are inherited
randomly at each daughter strand, chromatin marks on this
nucleosomes are considered to contribute to the inheritance
of chromatin states and somehow inherited during DNA
replication. This contribution may be related to: (i) the extension
of the domain (number of nucleosomes enriched with the
chromatin marks), (ii) the turnover of histones modiﬁcations
during the cell cycle, (iii) the recognition and binding of
chromatin marks on the parental (H3–H4)2 tetramers by
the protein complexes involved in their own deposition, (iv)
physical interaction with the DNA replication machinery, and
(v) the kinetics for the reestablishment of chromatin marks
on newly deposited histones (Sarkies and Sale, 2012). In this
regard, H3K27me3, H3K9me3 and DNA methylation have
been proposed to contribute themselves to the maintenance of
epigenetic inheritance (Huang et al., 2013a).
Interactions between the DNA replication machinery and
protein complexes involved in the deposition of chromatin
modiﬁcations are necessary for the maintenance of the chromatin
states (Margueron and Reinberg, 2010; Alabert and Groth,
2012). During DNA replication, nascent DNA is hemimethylated.
In animals, parental DNA methylation is reestablished at CG
motifs in daughter strands by recruiting the maintenance DNA-
methylase DNMT1 to the replication fork by PCNA and UHRF1
(Bostick et al., 2007; Woo et al., 2008). Also, CAF1 and UHRF1
recruit H3K9 methyltransferase at the PCNA to monomethylate
H3K9 at heterochromatin domains (Esteve et al., 2006; Scharf
et al., 2009; Xu et al., 2012).
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In plants, VIM proteins (the orthologs of mammalian
UHRF proteins) recruit MET1, the ortholog of mammalian
DNMT1, suggesting that plants share a similar mechanism
with mammals for CG reestablishment (Woo et al., 2008).
In Arabidopsis, the CHROMOMETHYLASE 3 (CMT3) is
involved in the maintenance of CHG methylation and is
recruited by H3K9me2 (Bartee et al., 2001; Lindroth et al.,
2004). On the other hand, the histone methyltransferase
KYP/SUVH4 binds, and is recruited onto, methylated cytosines
(Johnson et al., 2007; Du et al., 2012; Johnson et al.,
2014), showing the existence of a positive feedback loop
between DNA methylation and histone marks in plants
(Figure 1).
Recently, a direct physical and functional link between DNA
replication, small RNA generation and H3K9 dimethylation
was shown to occur in yeast. The Cdc20 subunit of Polε
is conserved among eukaryotes. Cdc20 interacts directly
with the silencing factor Dos2 forming a complex with
Mms19, which is a transcriptional activator that promotes
heterochromatin transcription by Pol II, a necessary step to
establish heterochromatin silencing by H3K9methylation during
DNA replication (Li et al., 2011). If a similar process exists in
plants is currently unknown, but a Polε mediated mechanism
of recruiting silencing factors is possibly present in Arabidopsis.
It has been found that LHP1 interacts with ICU2/POLA and
ESD7/POLE subunits (Barrero et al., 2007; Yin et al., 2009; Hyun
et al., 2013), as discussed above. Contrary to other systems,
plants possess two other RNA Polymerases, RNA PolIV and
RNA PolV, which are involved in DNA silencing. Recently, a
link between HISTONE DEACETYLASE6 (HDA6) and MET1
has been established and helps to describe a truly epigenetic
process (Blevins et al., 2014). In hda6 mutants a subset of loci
are derepressed at similar levels than in polIV single and hda6
polIV double mutants suggesting that both are in the same
pathway for the silencing of these groups of genes (Blevins
et al., 2014). However, POLIV transgenes complement the polIV
mutants whereas HDA6 transgenes do not complement hda6
mutants only for this speciﬁc subset of genes, suggesting the
loss of epigenetic information at these loci, which cannot be
restored after complementation with HDA6. This epigenetic
information is maintained by MET1 and HDA6 by conferring a
silent status to these loci which depend on certain level of GC
methylation. Further downstream, the silent status is somehow
recognized to ensure Pol IV recruitment and RNA dependent
DNA methylation to further silencing (Blevins et al., 2014). It is
speculated that HDA6 is necessary for erasing acetyl groups on
newly deposited histones, before recruiting Pol IV and MET1 to
methylate DNA.
These examples show that a close interrelationship between
chromatin modiﬁcations, chromatin modiﬁers and the DNA
replication machinery is required for proper perpetuation of
the chromatin states. Moreover, this association is dynamic.
Recent comprehensive studies from mammals and Drosophila
systems, using nascent chromatin capture (NCC) to proﬁle
chromatin proteome dynamics from newly synthesized DNA,
show association dynamics for about 4,000 proteins when
comparing nascent chromatin with mature post-replicative
chromatin (Alabert et al., 2014). The authors suggested that
histone modiﬁcations, such as H3K9me3 and H3K27me3 serve
as truly epigenetic marks, given their levels are relatively stable
from duplicating to maturing chromatin. On the other hand,
it has been shown that there is no evidence for these histone
modiﬁcations to be considered themselves truly epigenetic marks
given their low levels in the nascent chromatin (about 400 bp
from the replication fork) (Petruk et al., 2013). These results agree
with previous reports in Drosophila showing that H3K27me3
levels are reestablished at G1/M phase (Lanzuolo et al., 2011).
Nevertheless, there is consensus from both studies to consider
trithorax (TrxG) and PcG complexes as truly epigenetic carriers,
as they are in close proximity to the replication fork (Follmer
et al., 2012; Fonseca et al., 2012; Lo et al., 2012; Petruk et al., 2012).
Similar approaches are not currently available for plant systems.
The inheritance of the vernalized state is a model of
epigenetic memory in plants. In plants exposed to long periods
of cold, FLC chromatin is enriched in H3K27me3 and PRC1
complex, which stably silence the FLC chromatin (Xiao and
Wagner, 2015). This process requires the PRC2 complex to
spread H3K27me3 across the whole FLC locus. This takes
place when H3K27me3 is recognized by PRC2. During DNA
replication, parental nucleosomes with this histone modiﬁcation
recruit PRC2 proteins which catalyze the trimethylation on
neighboring, H3K27me3 depleted nucleosomes (Hansen et al.,
2008; Margueron et al., 2009). Similar spreading from the
initial nucleation site to adjacent sequences has been observed
for reporter systems in plants (see above). Thus, at both
AG:GUS and FLC:GUS transgenic lines strong enrichment of
H3K27me3 was found not only at both AG (and FLC) but
also at GUS sequences (Hyun et al., 2013). It was proposed
that a buﬀer system helps to overcome the ﬂuctuations in
the levels of epigenetic marks on target loci, especially when
these marks are diluted during DNA replication, and then
restored during the maturation of chromatin (Huang et al.,
2013a). On the other hand, it is unlikely that every single
histone modiﬁcation will be self-copied. There is evidence that
supports the existence of primary histone modiﬁcations that
inﬂuence the inheritance of “secondary” histone modiﬁcations,
as suggested for monomethylated forms of H3K4, H3K9 and
H3K27 with respect to the trimethylated forms (Sarkies and Sale,
2012).
PRC2 and TRXG protein complexes bind DNA sequences
known as Polycomb (PRE) and Trithorax (TRE) response
elements, respectively (Margueron and Reinberg, 2010). By
binding DNA sequence targets they contribute to inhibit
(PRC2) or activate (TRXG) gene transcription (Steﬀen and
Ringrose, 2014). Recent mechanistic evidence in Arabidopsis
suggests that cell division provides a window of opportunity
to change fate. The ﬂower development protein AG induces
KNUCKLES (KNU) expression by displacing PcG proteins from
PRE sequences on KNU locus, a process that takes about
2 days to be completed, leading to a failure in the maintenance
of repressive histone modiﬁcations (Sun et al., 2014). It has
been recently demonstrated in yeast that strongly bound
transcription factors that remain associated to DNA cognate sites
during DNA replication can inﬂuence nucleosome organization
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during the maturation of Okazaki fragments by Poldδ (Smith
and Whitehouse, 2012). Interestingly, the VERNALIZATION1
transcription factor, which is involved in epigenetic regulation of
FLC, remains associated with euchromatin during mitosis (King
et al., 2013).
In summary, plants are an interesting model system
to study the impact that DNA replication dynamics has
on the maintenance of epigenetic inheritance due to the
high conservation of the DNA replication machinery among
eukaryotes and the high tolerance of plants to missense
mutations on DNA replication components. Additional studies
tending to investigate the functional and biochemical relationship
between DNA polymerases, DNA replication factors and protein
complexes that modify chromatin will provide further insights
into DNA replication-coupled epigenetic inheritance.
AUTHOR CONTRIBUTIONS
All authors listed, have made substantial, direct and intellectual
contribution to the work, and approved it for publication.
FUNDING
This work was supported by ANPCyT grant PICT2013-1908
to PDC.
ACKNOWLEDGMENT
We thank Julieta Mateos for critical suggestions.
REFERENCES
Abe, T., Sugimura, K., Hosono, Y., Takami, Y., Akita, M., Yoshimura, A., et al.
(2011). The histone chaperone facilitates chromatin transcription (FACT)
protein maintains normal replication fork rates. J. Biol. Chem. 286, 30504–
30512. doi: 10.1074/jbc.M111.264721
Alabert, C., Bukowski-Wills, J. C., Lee, S. B., Kustatscher, G., Nakamura, K., De
Lima Alves, F., et al. (2014). Nascent chromatin capture proteomics determines
chromatin dynamics during DNA replication and identiﬁes unknown fork
components. Nat. Cell Biol. 16, 281–293. doi: 10.1038/ncb2918
Alabert, C., and Groth, A. (2012). Chromatin replication and epigenome
maintenance. Nat. Rev. Mol. Cell Biol. 13, 153–167. doi: 10.1038/nr
m3288
Annunziato, A. T. (2013). Assembling chromatin: the long and winding
road. Biochim. Biophys. Acta 1819, 196–210. doi: 10.1016/j.bbagrm.2011.
07.005
Barrero, J. M., Gonzalez-Bayon, R., Del Pozo, J. C., Ponce, M. R., and Micol,
J. L. (2007). INCURVATA2 encodes the catalytic subunit of DNA Polymerase
alpha and interacts with genes involved in chromatin-mediated cellular
memory inArabidopsis thaliana.Plant Cell 19, 2822–2838. doi: 10.1105/tpc.107.
054130
Bartee, L., Malagnac, F., and Bender, J. (2001). Arabidopsis cmt3 chromomethylase
mutations block non-CG methylation and silencing of an endogenous gene.
Genes Dev. 15, 1753–1758. doi: 10.1101/gad.905701
Blevins, T., Pontvianne, F., Cocklin, R., Podicheti, R., Chandrasekhara, C.,
Yerneni, S., et al. (2014). A two-step process for epigenetic inheritance
in Arabidopsis. Mol. Cell 54, 30–42. doi: 10.1016/j.molcel.2014.
02.019
Bostick, M., Kim, J. K., Esteve, P. O., Clark, A., Pradhan, S., and Jacobsen, S. E.
(2007). UHRF1 plays a role in maintaining DNA methylation in mammalian
cells. Science 317, 1760–1764. doi: 10.1126/science.1147939
Burgess, R. J., and Zhang, Z. (2013). Histone chaperones in nucleosome assembly
and human disease. Nat. Struct. Mol. Biol. 20, 14–22. doi: 10.1038/nsmb.2461
Campos, E. I., Staﬀord, J. M., and Reinberg, D. (2014). Epigenetic inheritance:
histone bookmarks across generations. Trends Cell Biol. 24, 664–674. doi:
10.1016/j.tcb.2014.08.004
del Olmo, I., Lopez-Gonzalez, L., Martin-Trillo, M. M., Martinez-Zapater, J. M.,
Pineiro,M., and Jarillo, J. A. (2010). EARLY IN SHORTDAYS 7 (ESD7) encodes
the catalytic subunit of DNA polymerase epsilon and is required for ﬂowering
repression through a mechanism involving epigenetic gene silencing. Plant J.
61, 623–636. doi: 10.1111/j.1365-313X.2009.04093.x
Dinh, T. T., Gao, L., Liu, X., Li, D., Li, S., Zhao, Y., et al. (2014). DNA topoisomerase
1alpha promotes transcriptional silencing of transposable elements through
DNA methylation and histone lysine 9 dimethylation in Arabidopsis. PLoS
Genet. 10:e1004446. doi: 10.1371/journal.pgen.1004446
Du, J., Zhong, X., Bernatavichute, Y. V., Stroud, H., Feng, S., Caro, E., et al.
(2012). Dual binding of chromomethylase domains to H3K9me2-containing
nucleosomes directs DNA methylation in plants. Cell 151, 167–180. doi:
10.1016/j.cell.2012.07.034
Esteve, P. O., Chin, H. G., Smallwood, A., Feehery, G. R., Gangisetty, O., Karpf,
A. R., et al. (2006). Direct interaction between DNMT1 and G9a coordinates
DNA and histone methylation during replication. Genes Dev. 20, 3089–3103.
doi: 10.1101/gad.1463706
Follmer, N. E., Wani, A. H., and Francis, N. J. (2012). A polycomb group protein is
retained at speciﬁc sites on chromatin in mitosis. PLoS Genet. 8:e1003135. doi:
10.1371/journal.pgen.1003135
Foltman, M., Evrin, C., De Piccoli, G., Jones, R. C., Edmondson, R. D.,
Katou, Y., et al. (2013). Eukaryotic replisome components cooperate to
process histones during chromosome replication. Cell Rep. 3, 892–904. doi:
10.1016/j.celrep.2013.02.028
Fonseca, J. P., Steﬀen, P. A., Muller, S., Lu, J., Sawicka, A., Seiser, C., et al. (2012).
In vivo Polycomb kinetics and mitotic chromatin binding distinguish stem
cells from diﬀerentiated cells. Genes Dev. 26, 857–871. doi: 10.1101/gad.1846
48.111
Graf, P., Dolzblasz, A., Wurschum, T., Lenhard, M., Pfreundt, U., and Laux, T.
(2010). MGOUN1 encodes an Arabidopsis type IB DNA topoisomerase
required in stem cell regulation and to maintain developmentally
regulated gene silencing. Plant Cell 22, 716–728. doi: 10.1105/tpc.109.0
68296
Groth, A., Corpet, A., Cook, A. J., Roche, D., Bartek, J., Lukas, J., et al.
(2007). Regulation of replication fork progression through histone
supply and demand. Science 318, 1928–1931. doi: 10.1126/science.11
48992
Gruss, C., Wu, J., Koller, T., and Sogo, J. M. (1993). Disruption of the
nucleosomes at the replication fork. EMBO J. 12, 4533–4545. doi: 10.1038/
ncb1787
Hansen, K. H., Bracken, A. P., Pasini, D., Dietrich, N., Gehani, S. S., Monrad, A.,
et al. (2008). A model for transmission of the H3K27me3 epigenetic mark. Nat.
Cell Biol. 10, 1291–1300. doi: 10.1038/ncb1787
Henikoﬀ, S., and Shilatifard, A. (2011). Histone modiﬁcation: cause or cog? Trends
Genet. 27, 389–396. doi: 10.1016/j.tig.2011.06.006
Huang, C., Xu,M., and Zhu, B. (2013a). Epigenetic inheritance mediated by histone
lysine methylation: maintaining transcriptional states without the precise
restoration of marks? Philos Trans. R. Soc. Lond. B Biol. Sci. 368:20110332. doi:
10.1098/rstb.2011.0332
Huang, C., Zhang, Z., Xu, M., Li, Y., Li, Z., Ma, Y., et al. (2013b). H3.3-H4 tetramer
splitting events feature cell-type speciﬁc enhancers. PLoS Genet. 9:e1003558.
doi: 10.1371/journal.pgen.1003558
Hyun, Y., Yun, H., Park, K., Ohr, H., Lee, O., Kim, D. H., et al. (2013). The catalytic
subunit of Arabidopsis DNA polymerase alpha ensures stable maintenance
of histone modiﬁcation. Development 140, 156–166. doi: 10.1242/dev.0
84624
Iglesias, F. M., Bruera, N. A., Dergan-Dylon, S., Marino-Buslje, C., Lorenzi, H.,
Mateos, J. L., et al. (2015). The Arabidopsis DNA polymerase δ has a role in
Frontiers in Plant Science | www.frontiersin.org 6 February 2016 | Volume 7 | Article 38
Iglesias and Cerdán DNA Replication Coupled-Epigenetic Inheritance
the deposition of transcriptionally active epigenetic marks, development and
ﬂowering. PLoS Genet. 11:e1004975. doi: 10.1371/journal.pgen.1004975
Johnson, L. M., Bostick, M., Zhang, X., Kraft, E., Henderson, I., Callis, J., et al.
(2007). The SRA methyl-cytosine-binding domain links DNA and histone
methylation. Curr. Biol. 17, 379–384. doi: 10.1016/j.cub.2007.01.009
Johnson, L. M., Du, J., Hale, C. J., Bischof, S., Feng, S., Chodavarapu,
R. K., et al. (2014). SRA- and SET-domain-containing proteins link RNA
polymerase V occupancy to DNA methylation. Nature 507, 124–128. doi:
10.1038/nature12931
Kaya, H., Shibahara, K. I., Taoka, K. I., Iwabuchi, M., Stillman, B., and Araki, T.
(2001). FASCIATA genes for chromatin assembly factor-1 in Arabidopsis
maintain the cellular organization of apical meristems. Cell 104, 131–142. doi:
10.1016/S0092-8674(01)00197-0
King, G. J., Chanson, A. H., Mccallum, E. J., Ohme-Takagi, M., Byriel, K., Hill,
J. M., et al. (2013). The Arabidopsis B3 domain protein VERNALIZATION1
(VRN1) is involved in processes essential for development, with structural
and mutational studies revealing its DNA-binding surface. J. Biol. Chem. 288,
3198–3207. doi: 10.1074/jbc.M112.438572
Kirik, A., Pecinka, A., Wendeler, E., and Reiss, B. (2006). The chromatin assembly
factor subunit FASCIATA1 is involved in homologous recombination in plants.
Plant Cell 18, 2431–2442. doi: 10.1105/tpc.106.045088
Lanzuolo, C., Lo Sardo, F., Diamantini, A., and Orlando, V. (2011). PcG
complexes set the stage for epigenetic inheritance of gene silencing in early S
phase before replication. PLoS Genet. 7:e1002370. doi: 10.1371/journal.pgen.10
02370
Li, F., Martienssen, R., and Cande, W. Z. (2011). Coordination of DNA replication
and histone modiﬁcation by the Rik1-Dos2 complex. Nature 475, 244–248. doi:
10.1038/nature10161
Lindroth, A. M., Shultis, D., Jasencakova, Z., Fuchs, J., Johnson, L., Schubert, D.,
et al. (2004). Dual histone H3 methylation marks at lysines 9 and 27 required
for interaction with CHROMOMETHYLASE3. EMBO J. 23, 4286–4296. doi:
10.1038/sj.emboj.7600430
Liu, J., Ren, X., Yin, H., Wang, Y., Xia, R., and Gong, Z. (2010). Mutation in
the catalytic subunit of DNA polymerase alpha inﬂuences transcriptional gene
silencing and homologous recombination inArabidopsis. Plant J. 61, 36–45. doi:
10.1111/j.1365-313X.2009.04026.x
Liu, Q., and Gong, Z. (2011). The coupling of epigenome replication with DNA
replication. Curr. Opin. Plant Biol. 14, 187–194. doi: 10.1016/j.pbi.2010.12.001
Liu, X., Gao, L., Dinh, T. T., Shi, T., Li, D., Wang, R., et al. (2014). DNA
topoisomerase I aﬀects polycomb group protein-mediated epigenetic regulation
and plant development by altering nucleosome distribution in Arabidopsis.
Plant Cell 26, 2803–2817. doi: 10.1105/tpc.114.124941
Lo, S. M., Follmer, N. E., Lengsfeld, B. M., Madamba, E. V., Seong, S., Grau,
D. J., et al. (2012). A bridging model for persistence of a polycomb group
protein complex through DNA replication in vitro. Mol. Cell 46, 784–796. doi:
10.1016/j.molcel.2012.05.038
Luger, K., Mader, A. W., Richmond, R. K., Sargent, D. F., and Richmond, T. J.
(1997). Crystal structure of the nucleosome core particle at 2.8 A resolution.
Nature 389, 251–260. doi: 10.1038/38444
MacAlpine, D. M., and Almouzni, G. (2013). Chromatin and DNA replication.
Cold Spring Harb. Perspect. Biol. 5:a010207. doi: 10.1101/cshperspect.a010207
Margueron, R., Justin, N., Ohno, K., Sharpe, M. L., Son, J., Drury, W. J.,
et al. (2009). Role of the polycomb protein EED in the propagation
of repressive histone marks. Nature 461, 762–767. doi: 10.1038/natur
e08398
Margueron, R., and Reinberg, D. (2010). Chromatin structure and the inheritance
of epigenetic information. Nat. Rev. Genet. 11, 285–296. doi: 10.1038/nr
g2752
Moyer, S. E., Lewis, P. W., and Botchan, M. R. (2006). Isolation of the
Cdc45/Mcm2-7/GINS (CMG) complex, a candidate for the eukaryotic DNA
replication fork helicase. Proc. Natl. Acad. Sci. U.S.A. 103, 10236–10241. doi:
10.1073/pnas.0602400103
Ono, T., Kaya, H., Takeda, S., Abe, M., Ogawa, Y., Kato, M., et al. (2006).
Chromatin assembly factor 1 ensures the stable maintenance of silent chromatin
states in Arabidopsis. Genes Cells 11, 153–162. doi: 10.1111/j.1365-2443.2006.0
0928.x
Petruk, S., Black, K. L., Kovermann, S. K., Brock, H. W., and Mazo, A. (2013).
Stepwise histone modiﬁcations are mediated by multiple enzymes that rapidly
associate with nascent DNA during replication. Nat. Commun. 4:2841. doi:
10.1038/ncomms3841
Petruk, S., Sedkov, Y., Johnston, D. M., Hodgson, J. W., Black, K. L., Kovermann,
S. K., et al. (2012). TrxG and PcG proteins but not methylated histones
remain associated with DNA through replication. Cell 150, 922–933. doi:
10.1016/j.cell.2012.06.046
Radman-Livaja, M., Verzijlbergen, K. F., Weiner, A., Van Welsem, T.,
Friedman, N., Rando, O. J., et al. (2011). Patterns and mechanisms of ancestral
histone protein inheritance in budding yeast. PLoS Biol. 9:e1001075. doi:
10.1371/journal.pbio.1001075
Ramirez-Parra, E., and Gutierrez, C. (2007). The many faces of chromatin
assembly factor 1. Trends Plant Sci. 12, 570–576. doi: 10.1016/j.tplants.2007.1
0.002
Sarkies, P., and Sale, J. E. (2012). Propagation of histone marks and epigenetic
memory during normal and interrupted DNA replication. Cell. Mol. Life Sci.
69, 697–716. doi: 10.1007/s00018-011-0824-1
Scharf, A. N., Barth, T. K., and Imhof, A. (2009). Establishment of histone
modiﬁcations after chromatin assembly. Nucleic Acids Res. 37, 5032–5040. doi:
10.1093/nar/gkp518
Schuermann, D., Fritsch, O., Lucht, J. M., and Hohn, B. (2009). Replication
stress leads to genome instabilities in Arabidopsis DNA polymerase
delta mutants. Plant Cell 9, 2700–2714. doi: 10.1105/tpc.109.0
69682
Sequeira-Mendes, J., and Gutierrez, C. (2015). Links between genome
replication and chromatin landscapes. Plant J. 83, 38–51. doi: 10.1111/tpj.
12847
Smith, D. J., and Whitehouse, I. (2012). Intrinsic coupling of lagging-
strand synthesis to chromatin assembly. Nature 483, 434–438. doi:
10.1038/nature10895
Steﬀen, P. A., and Ringrose, L. (2014). What are memories made
of? How Polycomb and Trithorax proteins mediate epigenetic
memory. Nat. Rev. Mol. Cell Biol. 15, 340–356. doi: 10.1038/nrm
3789
Sun, B., Looi, L. S., Guo, S., He, Z., Gan, E. S., Huang, J., et al. (2014).
Timing mechanism dependent on cell division is invoked by Polycomb
eviction in plant stem cells. Science 343:1248559. doi: 10.1126/science.12
48559
Tyler, J. K., Adams, C. R., Chen, S. R., Kobayashi, R., Kamakaka, R. T., and
Kadonaga, J. T. (1999). The RCAF complex mediates chromatin assembly
during DNA replication and repair. Nature 402, 555–560. doi: 10.1038/9
90147
Weng, M., Yang, Y., Feng, H., Pan, Z., Shen, W. H., Zhu, Y., et al. (2014). Histone
chaperone ASF1 is involved in gene transcription activation in response to
heat stress in Arabidopsis thaliana. Plant Cell Environ. 37, 2128–2138. doi:
10.1111/pce.12299
Whitehouse, I., and Smith, D. J. (2013). Chromatin dynamics at the replication
fork: there’s more to life than histones. Curr. Opin. Genet. Dev. 23, 140–146.
doi: 10.1016/j.gde.2012.12.007
Wittmeyer, J., and Formosa, T. (1997). The Saccharomyces cerevisiae DNA
polymerase alpha catalytic subunit interacts with Cdc68/Spt16 and with Pob3,
a protein similar to an HMG1-like protein. Mol. Cell. Biol. 17, 4178–4190. doi:
10.1128/MCB.17.7.4178
Wittmeyer, J., Joss, L., and Formosa, T. (1999). Spt16 and Pob3 of Saccharomyces
cerevisiae form an essential, abundant heterodimer that is nuclear, chromatin-
associated, and copuriﬁes with DNA polymerase alpha. Biochemistry 38, 8961–
8971. doi: 10.1021/bi982851d
Woo, H. R., Dittmer, T. A., and Richards, E. J. (2008). Three SRA-
domain methylcytosine-binding proteins cooperate to maintain global CpG
methylation and epigenetic silencing in Arabidopsis. PLoS Genet. 4:e1000156.
doi: 10.1371/journal.pgen.1000156
Xiao, J., and Wagner, D. (2015). Polycomb repression in the regulation of growth
and development in Arabidopsis. Curr. Opin. Plant Biol. 23C, 15–24. doi:
10.1016/j.pbi.2014.10.003
Xu, M., Wang, W., Chen, S., and Zhu, B. (2012). A model for mitotic inheritance
of histone lysine methylation. EMBO Rep. 13, 60–67. doi: 10.1038/embor.201
1.206
Yin, H., Zhang, X., Liu, J., Wang, Y., He, J., Yang, T., et al. (2009). Epigenetic
regulation, somatic homologous recombination, and abscisic acid signaling are
Frontiers in Plant Science | www.frontiersin.org 7 February 2016 | Volume 7 | Article 38
Iglesias and Cerdán DNA Replication Coupled-Epigenetic Inheritance
inﬂuenced by DNA polymerase epsilon mutation in Arabidopsis. Plant Cell 21,
386–402. doi: 10.1105/tpc.108.061549
Zhu, Y., Dong, A., Meyer, D., Pichon, O., Renou, J. P., Cao, K., et al. (2006).
Arabidopsis NRP1 and NRP2 encode histone chaperones and are required
for maintaining postembryonic root growth. Plant Cell 18, 2879–2892. doi:
10.1105/tpc.106.046490
Zhu,Y., Weng, M., Yang, Y., Zhang, C., Li, Z., Shen, W. H., et al. (2011).
Arabidopsis homologues of the histone chaperone ASF1 are crucial for
chromatin replication and cell proliferation in plant development. Plant J 66,
443–455. doi: 10.1111/j.1365-313X.2011.04504.x
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2016 Iglesias and Cerdán. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal
is cited, in accordance with accepted academic practice. No use, distribution or
reproduction is permitted which does not comply with these terms.
Frontiers in Plant Science | www.frontiersin.org 8 February 2016 | Volume 7 | Article 38
